a2 United States Patent
Chindo et al.

US009048853B2

US 9,048,853 B2
Jun. 2, 2015

(10) Patent No.:
(45) Date of Patent:

(54) ATOM CELL MODULE, QUANTUM
INTERFERENCE DEVICE, ELECTRONIC
APPARATUS, AND ATOM CELL MAGNETIC
FIELD CONTROL METHOD

(71)

(72)

Applicant: Seiko Epson Corporation, Tokyo (JP)

Inventors: Koji Chindo, Suwa (IP); Hiroyuki
Yoshida, Fujimi (JP)
(73)

Assignee: Seiko Epson Corporation (JP)

(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by O days.

@

(22)

Appl. No.: 14/016,467

Filed: Sep. 3,2013

(65) Prior Publication Data

US 2014/0070894 A1l Mar. 13, 2014

(30) Foreign Application Priority Data

Sep. 10,2012 (JP) cooeieiciceece 2012-198264

(51) Imt.ClL
HO3L 7/26
HO03B 17/00
GO4F 5/14
U.S. CL
CPC HO3L 7/26 (2013.01); HO3B 17/00 (2013.01);
GO4F 5/145 (2013.01)
Field of Classification Search
CPC .......... GOAF 5/14; GOAF 5/145; HO3B 17/00;
HO3L 7/26
USPC ..o 331/3, 65-67, 70, 94.1, 176
See application file for complete search history.

(2006.01)
(2006.01)
(2006.01)

(52)

(58)

(56) References Cited

U.S. PATENT DOCUMENTS

5,387,881 A * 2/1995 Schwedaetal. ......... 331/94.1
5,670914 A * 9/1997 Liberman et al. ... 331/94.1
5,712,597 A *  1/1998 Atsumietal. ... . 331/94.1
6,265,945 B1* 7/2001 Delaneyetal. ................. 331/3
6,320,472 B1 112001 Vanier
6,812,800 B2* 11/2004 Matsuuraetal. ........... 331/94.1
7,215213 B2* 5/2007 Mescher etal. ... 331/94.1
7,468,637 B2* 12/2008 Braunetal. ... . 331/94.1
8,319,156 B2* 11/2012 Borwicketal. ... .. 219/482
8,614,605 B2* 12/2013 Chindo ........... . 331/94.1
8,633,773 B2* 12014 Chindo ........ccooeeen. 331/94.1

2009/0315629 Al  12/2009 Chindo et al.

2012/0235753 Al 9/2012 Nishida

2012/0235755 Al 9/2012 Chindo

2013/0027142 Al 12013 Chindo

FOREIGN PATENT DOCUMENTS

JP 2010-028794 A 2/2010
JP 2010-147367 A 7/2010
JP 2010-147967 A 7/2010
JP 2010-287937 A 12/2010
JP 2012-191121 A 10/2012
JP 2012-191582 A 10/2012
JP 2013-030513 A 2/2013

* cited by examiner

Primary Examiner — Levi Gannon

(74) Attorney, Agent, or Firm — Harness, Dickey & Pierce,
PL.C.

(57) ABSTRACT

An atom cell module includes an atom cell in which atoms are
enclosed, a heating unit that heats the atom cell by generating
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predetermined position generated on the basis of a current
flowing through the heating unit.

16 Claims, 22 Drawing Sheets

[1 ATOM OSCILLATOR

1/0 ATOM CELL MODULE 15 MAGNETIC SHIELDING UNIT

20
Vi

LIGHT
GENERATOR | —F—>

ATOM CELL

L~-11 U|LGHT LIGHT
DETECTOR

HEATING
UNIT

N

MAGNETIC |!| 4 30

FIELD
GENERATOR

TEMPERATURE] |14
DETECTOR

1
l !
! 1
i !
| | MAGNETC ]l-16 !
! DETECTOR !
! i
! I
! 1

[]
HEATING ||
Y CONTROL ad
SECTION

|-40 CONTROL
UNIT

T

¥

431

MAGNETIC FIELD
CONTROL
SECTION

OSCILLATION|~42
CONTROL
SECTION




U.S. Patent Jun. 2, 2015 Sheet 1 of 22 US 9,048,853 B2

[1 ATOM OSCILLATOR

10 ATOMCELL MODULE 4 5 AGNETIC SHIELDING UNIT

20
/

|
LIGHT L~ 11 ) [LIGHT LIGHT

LIGHT ATOMCELL  |C—> |  peTeeToR

GENERATOR
A

I

N
13 30

|

|

|

MAGNETIC
HEATING ,
AT FIELD 1

|

|

|

|

A

12+

GENERATOR

TEMPERATURE| 14
DETECTOR

F————--f---
v

v L-40 CONTROL

S [ [

SECTION

OSCILLATION]-42
CONTROL |«
SECTION

FIG. 1



US 9,048,853 B2

Sheet 2 of 22

Jun. 2, 2015

U.S. Patent

HOLVTIIOSO
= ogg—AONIN0ILMOT <
1INOHID J o oxon [ 1nouo _[1IN2419 NOISHIANOD
40193130 > ™| NolLyInaon " AON3ND34A
/4 / / /
G¢ 09¢ oL 0/¢ 06¢
MLnodin 104IN09]
INTHHND Y3LY3H
A
FINAON T130 $¥D 00k~ = - - |
_ HOSN3S
ov H 38NLvd3daL
————— ] _
40€ b1 - o7 Y
HOL031300L0Hd HT\, Ty | =  lyoLonanoomas 1INOHID ONIAHA
/ / S| / /A
0kz og1 4 qoet B0z} 002 008
- 1 -
[ 1nouo BOEl [ 1noao
"l 4ol1o3l3a ™| NOILYINQOW
\ A \ A
Oce HOLYT1I0S0 0g
AONINOIFHA-MOT
%
0ve

4O1vT1I0SO WOLY _.\\



U.S. Patent Jun. 2, 2015 Sheet 3 of 22 US 9,048,853 B2

100
;
; R | 150
%%\\\ 140
; | _120b
121b— 72\ 122
; \ | 130b
i 1 110
12ta—l ——\ | = | J/ L& /1 382
. . 130a 7
\ pue
LIGHT v
FIG. 3A
100
;
140 122310
113 1J2 \EL / ) 114
NN N\ N |
N\ S/
130a ™—130b
J | NN NN

)
111 7

LIGHT 122a |
Y X

FIG. 3B



U.S. Patent Jun. 2, 2015 Sheet 4 of 22 US 9,048,853 B2

FREQUENCY
EQUIVALENT TO AE;,

—————gm--
Y

! o
fm T fm fm T fm
fO_fm f0(=V/ 7\‘O) f0+fm
FIG. 4
100
J
120b
A / 110
130a—_ | L (}. _130b
G2 G4
G1fm§<63
130a— | | @88 —130b
Z

LIGHT 120a I
Y X

FIG. 5



US 9,048,853 B2

Sheet 5 of 22

Jun. 2, 2015

U.S. Patent

Q9 OId d9 "Old V9 "Old
LIN3HdNO 103 IN3HYND Y31V3aH JdNLvd3diNaL
- - -
PO+ED ¢OtLO
\ \ y
HLON3HLS d7314 DILINDVA HLON3HLS d7314 DILINDOVIA IN3H4NO 431v3H



U.S. Patent Jun. 2, 2015 Sheet 6 of 22 US 9,048,853 B2

START

y S10

SET HEATER CURRENT TO
PREDETERMINED VALUE

-
Lt

Y £S12

EMIT TWO LIGHT WAVES TO ATOM
CELL WHILE SWEEPING FREQUENCY
DIFFERENCE, AND MONITOR
DETECTION SIGNAL OF LIGHT
TRANSMITTED THROUGH ATOM CELL

S14

HAS EIT SIGNAL
DEGENERATED?

IS WIDTH OF
EIT SIGNAL IN ALLOWABLE

RANGE?
» N
Y S18 Y S20
CHANGE SOME OR ALL OF THE NUMBER THE NUMBER OF TURNS, DIAMETER,
OF TURNS, DIAMETER, AND POSITION AND POSITION OF COIL ARE FIXED
OF COIL ACCORDING TO EIT SIGNAL

Y

( END )

FIG. 7



U.S. Patent Jun. 2, 2015 Sheet 7 of 22 US 9,048,853 B2

DETECTED VOLTAGE
A

A L Aa

» FREQUENCY DIFFERENCE
BETWEEN TWO LIGHT WAVES

FIG. 8A

DETECTED VOLTAGE
A

» FREQUENCY DIFFERENCE
BETWEEN TWO LIGHT WAVES

FIG. 8B



U.S. Patent Jun. 2, 2015 Sheet 8 of 22 US 9,048,853 B2

[1 ATOM OSCILLATOR

‘I/O ATOM CELL MODULE

20 15 MAGNETIC SHIELDING UNIT
) -

|
Lt | | |11 1| LgHT
LIGHT LIGHT
GENERATOR | TF—>>| ATOMCEL [C—=F>| pe7ecToR

A

|
|
|
|
|
12] Heatne || MASNTIC |itas 30
|
|
|
! |
' |
; |
; |
I |
I |
! |

UNIT GENERATOR
A A
1 MAGNETIC |-16

DETECTOR

TEMPERATURE|| 14
DETECTOR

LY

HEATING || 41 40 S,C\,):\%TROL

CONTROL [
SECTION

MAGNETIC FIELD
> CONTROL
43— SECTION

OSCILLATION]-42
CONTROL |
SECTION

FIG. 9



US 9,048,853 B2

Sheet 9 of 22

Jun. 2, 2015

U.S. Patent

HOLYTIOS0 .
05— AONINOZELHOT OoF Ol
\ i y
1IN0HD J oxon [ 1nodn _[1INDHID NOISHIANOD
40103130 > ™| NOILYINQOW " AON3NDI4A
/A % / 4
06¢ 09¢ 0.2 06¢
novnaoanl 9% ™Tinown 10umNoD
AHON3W 08—1| TOHINOD 1 INFHEND 110D
\ .
2ee o_m.wh_:om_o T04INOD|
IN3HHND H3LV3H
=8 — ‘V — —
3INAOW T130 SYD 87,__| TR
oy L AL 3N |
| [ HOSNES
o9 LHL_0LL3NDYA | | |
e, o gasv1 | L q
HOL031300LOHd %F._.\| TS |2  loLonanooinEs 1INOHIO DNIAHA
% / ! % A
0i2 o541 qoei B0Z| 002 008
1 N p—
[ 1nouo eoe! [ 1nowo
™l Yolo9313a ™ NOILYINQOW
/ \ 7 1
Oce HOLYTIOSO 08¢
AON3NDIHA-MOT
%
vz 7
HOLVTIIOSO WOLY |



U.S. Patent Jun. 2, 2015 Sheet 10 of 22 US 9,048,853 B2

100
S
é%\\\ 140
121b—| ' —1200
160— 72\ 1220
; \ | 130b
i 1 | 110
121a—1——\ | | )] &£ /1532
P 130a
| .
LIGHT y
FIG. 11A
100
J
140, 122b
111260 110
113 \éﬂ ) 114
\\\\ N ‘j//
130a 130b
| NN NN
3
111 .

LIGHT 122a |
Y X

FIG. 11B



U.S. Patent

Jun. 2, 2015

( START )

Y fS1OO

SET HEATER CURRENT
AND COIL CURRENT TO
PREDETERMINED VALUES

” ,S102

Y
EMIT TWO LIGHT WAVES TO ATOM
CELL WHILE SWEEPING FREQUENCY
DIFFERENCE, AND MONITOR
DETECTION SIGNAL OF LIGHT
TRANSMITTED THROUGH ATOM GELL

HAS EIT SIGNAL 5104
DEGENERATED?

IS WIDTH OF
EIT SIGNAL IN ALLOWABLE
RANGE?

N .S108

CHANGE SETTING VALUE
OF COIL CURRENT

Y £S110

ACQUIRE DETECTION VALUE OF
MAGNETIC SENSOR AND
SETTING VALUE OF COIL CURRENT

PROCESSING
BEEN COMPLETED FOR A

Sheet 11 of 22

US 9,048,853 B2

REDETERMINED NUMBER OF
HEATER CURRENT
VALUES?

S114

¥ :S116

SET HEATER CURRENT TO
NEXT PREDETERMINED VALUE

CREATE CONTROL INFORMATION BY
MATCHING DETECTION VALUE OF
MAGNETIC SENSOR AND SETTING

VALUE OF COIL CURRENT AND STORE

CONTROL INFORMATION IN MEMORY

FIG. 12

Y

( END )



U.S. Patent Jun. 2, 2015 Sheet 12 of 22 US 9,048,853 B2

[1 ATOM OSCILLATOR

1/0 ATOM CELL MODULE

20 15 MAGNETIC SHIELDING UNIT
2 (mTmTem—oo oo o
LIGHT |11 | | LGHT
LIGHT LIGHT
GENERATOR ':f::> ATOMCELL | —TE> | peTeCTOR
1 i MAGNETIC : 2
|
1291 HEATING FELD |+ 13 30
! GENERATOR] |
A A
! TEMPERATURE||- 14 |
! DETECTOR |
el 1 ——_T———1____1
HEA‘%NG L-40 CSH_TROL
L ConTROL (41 v
SECTION
™ CURRENT |l-44
| DETEGTOR
MAGNETIC FIELD
= CONTROL H
43— __ SECTION
OSCILLATION]~42
CONTROL |«
SECTION

FIG. 13



US 9,048,853 B2

Sheet 13 of 22

Jun. 2, 2015

U.S. Patent

HOLYTIIOSO i
[ 05— A\ONINOSHOT | VI Dl4
1INDHID J oxon [ Linowm 1INDYID NOISHIANOD
HOLD313d > ™ NOILYINQOW ADN3ND3IEA
21 ’ 7 7
0S¢ 09¢ 0/¢ 06¢
Norvgoan| Y€ ™ Tinown 1oun0o
AHOWIW 088—"| TOHINOD " INFHHND 1109
7 )
cte e~ Jimoen nooam
INTHEND
0be om0 ToamNoa|
INTHYN YALYH
\
FINAOW T130 SYD 004 TR
b I+ 38N Lve3dnaL
e T !
> - i 43SV
HOLOL30010Hd| <=H={ | T1E0SYO | IS5 LN aNOOINES 1INDHID ONIAIHA
O A
/ S 4 ( /
0k2 051908 e(2) 002 008
- — -
[ 1noen Eocl [ 1nown
™ WoL03l3a NOILYINQOW
\ A \ A
0ce HOLYTII0S0 0g¢
AONINDIHA-MOT
/
ove 7

HOL1V11I0SO WOLY |




U.S. Patent Jun. 2, 2015 Sheet 14 of 22

100
s

US 9,048,853 B2

_—150

140

120b
—122b

| —130b
110

LIGHT

FIG. 15A

100
e

140, 122b

110
Ll

112

A

113

130a

| -120a
122a

4

[™—130b

LIGHT 122a

FIG. 15B

z

"



U.S. Patent Jun. 2, 2015

(  START )

Y fS2OO

SET HEATER CURRENT
AND COIL CURRENT TO
PREDETERMINED VALUES

'V f8202

EMIT TWO LIGHT WAVES TO ATOM
CELL WHILE SWEEPING FREQUENCY
DIFFERENCE, AND MONITOR
DETECTION SIGNAL OF LIGHT
TRANSMITTED THROUGH ATOM CELL

HAS EIT SIGNAL 5204
DEGENERATED?

[SWIDTH OF
EIT SIGNAL IN ALLOWABLE
RANGE?
=N .S208
CHANGE SETTING VALUE
OF COIL CURRENT

o |

Sheet 15 of 22

Y £S210

ACQUIRE DETECTION VALUE OF
CURRENT DETECTION CIRCUIT AND
SETTING VALUE OF COIL CURRENT

HAS
PROCESSING
EEN COMPLETED FOR A

S212

US 9,048,853 B2

REDETERMINED NUMBER OF
HEATER CURRENT
VALUES?

£S5214

Y -S216

SET HEATER CURRENT TO
NEXT PREDETERMINED VALUE

CREATE CONTROL INFORMATION BY
MATCHING DETECTION VALUE OF CURRENT
DETECTION CIRCUIT AND SETTING
VALUE OF COIL CURRENT AND STORE
CONTROL INFORMATION IN MEMORY

Y

{ END )

FIG. 16



U.S. Patent Jun. 2, 2015 Sheet 16 of 22 US 9,048,853 B2

[400 ELECTRONIC APPARATUS

OPERATING |-430
410 CLOCK UNIT
)~ GENERATOR 4/20
\ /
412 ATOM _ P |_-440
OSCILLATOR > B ROM
MPU [« RAM 40
480~ sounD | _[COMMUNICATION]~460
OUTPUT UNIT[™ " NT
\
DISPLAY |-470
UNIT

FIG. 17



U.S. Patent Jun. 2, 2015 Sheet 17 of 22 US 9,048,853 B2

504

500
e

508

506

FIG. 18



U.S. Patent Jun. 2, 2015 Sheet 18 of 22 US 9,048,853 B2

FREQUENGCY
EQUIVALENT TO AE,,
>

LA N 4 LN N J
-
fm fm ? fm ? fm
fo fo+fm
FREQUENCY
EQUIVALENT TO AE;,
>
[ X N 4 [ X N/
|
f T fr T fin fn
fof £,

FIG. 19B



U.S. Patent Jun. 2, 2015 Sheet 19 of 22 US 9,048,853 B2

6 I:)3/2 /
1/

e N

T T T
o1

N Wk o

F=4
F=3

D1 BEAM —__-}--INc=--\c-. o/} F-11-4-,_—D2 BEAM

-~

T T By S A SR F=4
6S,, lAE12
F=3



U.S. Patent Jun. 2, 2015 Sheet 20 of 22 US 9,048,853 B2

TRANSMITTED
LIGHT
INTENSITY

EIT SIGNAL

>

fio FREQUENCY
(f:-F)




US 9,048,853 B2

Sheet 21 of 22

Jun. 2, 2015

U.S. Patent

TN

Tt o oY
RN RN
TRINTR IR I IN TR IN TS

EEEEEEEEE

4{
s{

6P,,.F

23
DN Y
R
INTNIRINIRINTY

EEEEEEE

6P,,,F

RN
TR IR NIRRT

EEEEEEEEE

:

GStQ’F

23
OUNTST Y E
N
LU L

EEEEEEE

|

6S1Q’F

DETECTED VOLTAGE

w

<

=
> L
OO0
Z2Z==21T
L W 1 ¢
DW=
S
L9
RWWELW
uwOm




U.S. Patent Jun. 2, 2015 Sheet 22 of 22 US 9,048,853 B2

FREQUENCY
DIFFERENCE BETWEEN
RESONANCE LIGHT PAIR

A

» MAGNETIC
FIELD
STRENGTH

o —_———— e e — =



US 9,048,853 B2

1

ATOM CELL MODULE, QUANTUM
INTERFERENCE DEVICE, ELECTRONIC
APPARATUS, AND ATOM CELL MAGNETIC
FIELD CONTROL METHOD

BACKGROUND

1. Technical Field

The present invention relates to an atom cell module, a
quantum interference device, an electronic apparatus, and an
atom cell magnetic field control method.

2. Related Art

It is known that the cesium atom, which is a kind of an
alkali metal atom, has a ground level of 63, and two exci-
tation levels of 6P, and 6P;,,, as shown in FIG. 20. In
addition, each level of 6S, ,, 6P, ,, and 6P, ; has a hyperfine
structure split into a plurality of energy levels. Specifically,
6S,/, has two ground levels of F=3 and 4, 6P,,, has two
excitation levels of F=3 and 4, and 6P;,, has four excitation
levels of F=2, 3, 4, and 5.

For example, a cesium atom in the ground level of F=3 of
6S, /, can transition to the excitation level of any of F=2, F=3,
and F=4 of 6P,,, by absorbing the D2 beam, but cannot
transition to the excitation level of F=5. A cesium atom in the
ground level of F=4 of 6S,, can transition to the excitation
level of any of F=3, F=4, and F=5 of 6P, by absorbing the D2
beam, but cannot transition to the excitation level of F=2.
These transitions are based on the transition selection rule
when an electric dipole transition is assumed. On the contrary,
a cesium atom in the excitation level of one of F=3 and F=4 of
6P/, can transition to the ground level (either the original
ground level or the other ground level) of F=3 or F=4 of 6S, ,
by emitting the D2 beam. Here, in the case of three levels (two
ground levels and one excitation level) of two ground levels of
F=3 and 4 of 6S, ,, and one of the excitation levels of F=3 and
4 of 6P;,,, A-type transition according to absorption and
emission of'the D2 beam is possible. Accordingly, these three
levels are called A-type three levels. Similarly, in the case of
three levels of two ground levels of F=3 and 4 of 6S, ,, and one
ofthe excitation levels of F=3 and 4 of 6P, ,,, A-type transition
according to absorption and emission of the D1 beam is
possible. Accordingly, these three levels form A-type three
levels.

On the other hand, a cesium atom in the excitation level of
F=2 of 6P, , always transitions to the ground level (original
ground level) of F=3 of 68, ,, by emitting the D2 beam. Simi-
larly, a cesium atom in the excitation level of F=5 of 6P, ,
always transitions to the ground level (original ground level)
of F=4 of 68, , by emitting the D2 beam. That is, in the case
of three levels of two ground levels of F=3 and 4 of 6S, ,, and
one excitation level of F=2 or 5 of 6P;,,, A-type transition
according to absorption and emission of the D2 beam is not
possible. Accordingly, these three levels do not form A-type
three levels. In addition, it is known that alkali metal atoms
other than the cesium atom similarly have two ground levels
and one excitation level that form A-type three levels.

Incidentally, when resonance light (assumed to be reso-
nance light 1) having a frequency (oscillation frequency)
equivalent to the energy difference between the first ground
level (in the case of a cesium atom, the ground level of F=3 of
6S,,) and the excitation level (in the case of a cesium atom,
for example, the excitation level of F=4 of 6P, ), which form
the A-type three levels, and resonance light (assumed to be
resonance light 2) having a frequency (oscillation frequency)
equivalent to the energy difference between the second
ground level (in the case of a cesium atom, the ground level of
F=4 of 6S,,,) and the excitation level are simultaneously
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emitted to a gaseous alkali metal atom, a change to a super-
position state of the two ground levels, that is, a quantum
coherence state (dark state) is made. As a result, excitation to
the excitation level is stopped. This is an electromagnetically
induced transparency (EIT) phenomenon (called coherent
population trapping (CPT) in some cases). The frequency
difference between the resonance light pair (resonance light 1
and resonance light 2) that causes the EIT phenomenon
exactly matches a frequency equivalent to the energy differ-
ence AE |, between two ground levels of an alkali metal atom.
For example, in the case of a cesium atom, the frequency
equivalent to the energy difference between the two ground
levels is 9.192631770 GHz. Accordingly, the EIT phenom-
enon occurs when two types of laser beams of D1 and D2
beams having a frequency difference of 9.192631770 GHz
are simultaneously emitted to the cesium atom.

Therefore, as shown in FIG. 21, when light with a fre-
quency of f; and light with a frequency of f, are simulta-
neously emitted to a gaseous alkali metal atom, the two light
waves become a resonance light pair. Depending on whether
or not the alkali metal atom causes the EIT phenomenon, the
intensity of light transmitted through the alkali metal atom is
steeply changed. A signal indicating the intensity of the trans-
mitted light that is steeply changed is called an EIT signal
(resonance signal). When the frequency difference f,-f, of
the resonance light pair exactly matches a frequency fi,
equivalentto AE, ,, the level of the EIT signal indicates a peak
value. Therefore, a highly accurate oscillator can be realized
by emitting two light waves to an atom cell (gas cell), in which
gaseous alkali metal atoms are enclosed, and performing
control such that the peak of the EIT signal is detected by a
photodetector, that is, such that the frequency difference f, -1,
between the two light waves exactly matches the frequency
f,, equivalent to AE,,. For example, a technique relevant to
such an atom oscillator is disclosed in U.S. Pat. No. 6,320,
472.

Incidentally, when a magnetic field is applied to the alkali
metal atom, each energy level undergoes Zeeman splitting.
For example, as shown in FIG. 22A, in the case of a cesium
atom, the ground level of F=3 of 6S, , or the excitation level
of F=3 of 6P, is split into seven levels corresponding to the
magnetic quantum number mF=0, 1, £2, and 3, and the
ground level of F=4 of 68, or the excitation level of F=4 of
6P, is split into nine levels corresponding to the magnetic
quantum number mF=0, 1, +2, +3, and +4. In addition, the
alkali metal atom causes the EIT phenomenon with two light
waves, which have a frequency difference equivalent to an
energy difference (frequency difference) between the Zee-
man levels with the same magnetic quantum number mF at
two ground levels, as a resonance light pair. That is, in a state
where the magnetic field is applied to the alkali metal atom, a
plurality of peaks are observed in the intensity of light trans-
mitted through the alkali metal atom, that is, a plurality of EIT
signals are observed if a frequency difference between two
light waves is swept. For example, as shown in FIG. 22B, in
the case of a cesium atom, seven EIT signals corresponding to
the magnetic quantum number mF=0, +1, £2, and £3 are
observed. In general, as shown in FIG. 22B, the strength of the
EIT signal corresponding to mF=0 is highest. For this reason,
in many atom oscillators, a uniform steady magnetic field is
applied to the gas cell, and the frequency difference between
the resonance light pair is controlled so as to generate an EIT
signal corresponding to mF=0. However, if the size of the
atom oscillator is reduced, the volume around the gas cell is
reduced. Accordingly, it is difficult to apply a stable magnetic
field to the gas cell. In addition, since a certain degree of
temperature is needed for the gas cell, a heater is provided. In
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this case, however, since a heater current is changed accord-
ing to the changes in the outside air temperature, a magnetic
field generated by the heater current is also changed. As a
result, a magnetic field applied to the gas cell is changed by
the changes in the outside air temperature. Then, as shown in
FIG. 23, since the energy difference (frequency difference)
between the Zeeman levels with the same magnetic quantum
number mF at two ground levels changes quadratically with
respect to variations of the magnetic field, a problem occurs in
that the frequency stability (in particular, temperature char-
acteristic) ofthe atom oscillator is degraded. In addition, if the
size of the atom oscillator is reduced, the gas cell is reduced.
In this case, since the total amount of atoms causing the EIT
phenomenon is reduced, there is also a problem in that the
strength of the EIT signal is reduced.

SUMMARY

An advantage of some aspects of the invention is to provide
an atom cell module and an atom cell magnetic field control
method capable of reducing the frequency variation range of
resonance light with respect to the atoms by canceling at least
apart of the magnetic field generated inside the atom cell and
provide a quantum interference device and an electronic
apparatus with high frequency stability using the atom cell
module.

The invention can be implemented as the following forms
or application examples.

Application Example 1

This application example is directed to an atom cell module
including: an atom cell in which atoms are enclosed; a heating
unit that heats the atom cell by generating heat when a current
flows; and a magnetic field generator that generates a mag-
netic field. Inside the atom cell, a magnetic field generated by
the magnetic field generator and a magnetic field generated
by a current flowing through the heating unit include mag-
netic field components in opposite directions.

A magnetic field at a predetermined position on the optical
path inside the atom cell generated by the magnetic field
generator may have the same strength as a magnetic field at
the predetermined position, which is generated on the basis of
a current flowing through the heating unit, in the opposite
direction.

In the atom cell module according to this application
example, at least apart of the magnetic field generated inside
the atom cell on the basis of the current flowing through the
heating unit can be canceled by the magnetic field generated
by the magnetic field generator. Therefore, it is possible to
further reduce the range of a variation in the strength of the
magnetic field inside the atom cell caused by the changes in
the current flowing through the heating unit. As a result, it is
possible to further reduce the frequency variation range of the
resonance light with respect to the atoms enclosed in the atom
cell.

Application Example 2

The atom cell module according to the above-described
application example may be configured such that the mag-
netic field generator generates a magnetic field inside the
atom cell when at least apart of the current flowing through
the heating unit flows.

In the atom cell module according to this application
example, even if the current flowing through the heating unit
is changed, a magnetic field generated by the magnetic field
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generator is also changed in response to the change. As a
result, at least a part of the magnetic field generated on the
basis of the current flowing through the heating unit can be
effectively canceled.

Application Example 3

The atom cell module according to the above-described
application example may be configured to further include a
magnetic shielding unit that shields the atom cell, the heating
unit, and the magnetic field generator from an external mag-
netic field.

In the atom cell module according to this application
example, it is possible to suppress an increase in the fre-
quency variation range of resonance light due to the influence
of the external magnetic field on the atom cell module.

Application Example 4

This application example is directed to a quantum interfer-
ence device including: the atom cell module according to any
one of the atom cell modules described above; a light genera-
tor that generates light including a resonance light pair and
emits the light to the atom cell; a light detector that detects
light transmitted through the atom cell; and a control unit that
controls a frequency of the resonance light on the basis of a
detection signal of the light detector.

In the quantum interference device according to this appli-
cation example, a degenerate EIT signal with high signal
strength can be generated as a detection signal of the light
detector by using the atom cell module in which the frequency
variation range of the resonance light with respect to the atom
is further reduced. Therefore, a quantum interference device
with high frequency stability can be realized by performing
feedback control so as to be locked to the degenerate EIT
signal.

Application Example 5

The quantum interference device according to the above-
described application example may be configured to further
include a magnetic field control unit that controls a magnetic
field generated by the magnetic field generator so as to reduce
a variation of a magnetic field inside the atom cell.

In the quantum interference device according to this appli-
cation example, even if the current flowing through the heat-
ing unit is changed, it is possible to stably generate an EIT
signal with high signal strength that has degenerated due to
reducing the variation of the magnetic field inside the atom
cell.

Application Example 6

The quantum interference device according to the above-
described application example may be configured such that
the quantum interference device further includes a magnetic
detector that detects a strength of a magnetic field generated
by a current flowing through the heating unit, and the mag-
netic field control unit controls a magnetic field generated by
the magnetic field generator according to a detection signal of
the magnetic detector.

In the quantum interference device according to this appli-
cation example, even if the magnetic field strength is changed
due to the changes in the current flowing through the heating
unit, it is possible to detect the change in the strength of the
magnetic field using the magnetic detector and reduce the
variation of the magnetic field inside the atom cell according
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to the detection result. As a result, it is possible to stably
generate a degenerate EIT signal with high signal strength.

In addition, in the quantum interference device according
to this application example, since the magnetic detector also
detects a magnetic field caused by the external magnetic field
of the atom cell module, it is possible to stably generate a
degenerate EIT signal with high signal strength even if the
external magnetic field is changed.

Application Example 7

The quantum interference device according to the above-
described application example may be configured such that
the magnetic detector is adjacent to the heating unit.

In the quantum interference device according to this appli-
cation example, the magnetic detector is disposed so as to be
adjacent to the heating unit whose temperature is kept almost
constant. Therefore, it is possible to realize high frequency
stability even if the temperature characteristic of the magnetic
detector is not corrected.

Application Example 8

The quantum interference device according to the above-
described application example may be configured such that
the quantum interference device further includes a current
detector that detects a current flowing through the heating
unit, and the magnetic field control unit controls a magnetic
field generated by the magnetic field generator according to a
detection signal of the current detector.

In the quantum interference device according to this appli-
cation example, even if the magnetic field strength is changed
due to the changes in the current flowing through the heating
unit, it is possible to detect the current flowing through the
heating unit using the current detector and reduce the varia-
tion of the magnetic field inside the atom cell according to the
detection result. As a result, it is possible to stably generate a
degenerate EIT signal with high signal strength.

Application Example 9

This application example is directed to an electronic appa-
ratus including any one of the quantum interference devices
described above.

Application Example 10

This application example is directed to an atom cell mag-
netic field control method to control a magnetic field inside an
atom cell in which atoms are enclosed. The atom cell mag-
netic field control method includes generating a magnetic
field including a magnetic field component in an opposite
direction to a magnetic field inside the atom cell generated on
the basis of a current flowing through a heating unit that heats
the atom cell.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIG. 1 is a functional block diagram of an atom oscillator
of a first embodiment.

FIG. 2 is a diagram showing an example of the specific
configuration of the atom oscillator of the first embodiment.

FIGS. 3A and 3B are diagrams showing an example of the
structure of a gas cell module in the first embodiment.
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FIG. 4 is a schematic diagram showing an example of the
frequency spectrum of emitted light of a semiconductor laser.

FIG. 5 is a diagram showing an example of the relationship
between the direction of the current flowing through a heater
and a coil and the direction of the magnetic field generated
inside a gas cell.

FIG. 6A is a diagram showing the relationship between the
outside air temperature and the heater current, FIG. 6B is a
diagram showing the relationship between the heater current
and the magnetic field strength, and FIG. 6C is a diagram
showing the relationship between the coil current and the
magnetic field strength.

FIG. 7 is a flow chart showing an example of a method of
adjusting a gas cell module.

FIG. 8A is a diagram showing an example of the split EIT
signal, and FIG. 8B is a diagram showing an example of the
degenerate EIT signal.

FIG. 9 is a functional block diagram of an atom oscillator
of a second embodiment.

FIG. 10 is a diagram showing an example of the specific
configuration of the atom oscillator of the second embodi-
ment.

FIGS. 11A and 11B are diagrams showing an example of
the structure of a gas cell module in the second embodiment.

FIG. 12 is a flowchart showing an example of a method of
creating the control information.

FIG. 13 is a functional block diagram of an atom oscillator
of a third embodiment.

FIG. 14 is a diagram showing an example of the specific
configuration of the atom oscillator of the third embodiment.

FIGS. 15A and 15B are diagrams showing an example of
the structure of a gas cell module in the third embodiment.

FIG. 16 is a flowchart showing an example of a method of
creating the control information.

FIG. 17 is functional block diagram of an electronic appa-
ratus of the present embodiment.

FIG. 18 is a schematic diagram of the electronic apparatus
of the present embodiment.

FIGS. 19A and 19B are schematic diagrams showing the
frequency spectrum of emitted light of a semiconductor laser
in a modification example.

FIG. 20 is a diagram schematically showing the energy
level of the cesium atom.

FIG. 21 is a schematic diagram showing an example of the
EIT signal.

FIG. 22 A is a diagram showing the energy level that under-
goes Zeeman splitting, and FIG. 22B is a diagram showing an
example of the split EIT signal.

FIG. 23 is a diagram showing the relationship between the
magnetic field strength and the frequency difference between
the resonance light pair.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, preferred embodiments of the invention will
be described in detail with reference to the accompanying
drawings. In addition, the embodiments described below are
not intended to limit the contents of the invention defined by
the appended claims. In addition, all of the configurations
described below are not necessarily essential components of
the invention.

Hereinafter, an atom oscillator that is an example of a
quantum interference device will be described as an example.
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1. ATOM OSCILLATOR

1-1. First Embodiment
Functional Configuration of an Atom Oscillator

FIG. 1 is a functional block diagram of an atom oscillator
of a first embodiment. As shown in FIG. 1, an atom oscillator
1 ofthe first embodiment is configured to include an atom cell
module 10, a light generator 20, a light detector 30, and a
control unit 40. In addition, the atom oscillator of the present
embodiment may be formed by appropriately omitting or
changing some constituent components (units) shown in FIG.
1 or by appropriately adding other constituent components.

The atom cell module 10 is configured to include an atom
cell 11, a heating unit 12, a magnetic field generator 13, and a
temperature detector 14. The atom cell module 10 may fur-
ther include a magnetic shielding unit 15.

The atom cell 11 is formed by filling a container formed of
a transparent material, such as glass, with atoms having
A-type three levels (for example, alkali metal atoms, such as
sodium (Na) atoms, rubidium (Rb) atoms, and cesium (Cs)
atoms). Light generated by the light generator 20 is incident
on the atom cell 11, and the incident light is transmitted
through the atom cell 11.

The heating unit 12 generates heat when a current flows
therethrough, thereby heating the atom cell 11. For example,
the heating unit 12 can be realized by a heater that generates
heat corresponding to the amount of current. For example, a
heater having conductivity and optical transparency may be
disposed on the light incidence surface and the light emission
surface of the atom cell 11. Such a heater having conductivity
and optical transparency can be realized using a transparent
electrode material, such as an indium tin oxide (ITO), an
indium zinc oxide (IZO), In;O;, SnO,, Sb-containing SnO,,
and Al-containing ZnO.

The magnetic field generator 13 generates a magnetic field
inside the atom cell 11. In particular, in the present embodi-
ment, the magnetic field generator 13 generates a magnetic
field inside the atom cell 11 when at least a part of current
flowing through the heating unit 12 flows through the mag-
netic field generator 13. A magnetic field at a predetermined
position inside the atom cell 11 generated by the magnetic
field generator 13 (for example, a position on the optical path
inside the atom cell 11) includes a magnetic field component
in an opposite direction to a magnetic field at the predeter-
mined position generated on the basis of the current flowing
through the heating unit 12. For example, such a magnetic
field generator 13 can be realized by a coil wound around a
part of the power supply line of the heating unit 12. The
direction or the magnitude of the magnetic field at a prede-
termined position inside the atom cell 11 can be adjusted by
changing the position or the shape of the coil (for example, the
number of turns or the diameter of the coil), the direction of
current flowing through the coil (or the direction of winding
of the coil), or the magnitude of current. For example, it is
possible to perform adjustment such that the magnetic field
generated by the heating unit 12 and the magnetic field gen-
erated by the magnetic field generator 13 cancel each other
out (such that the magnetic field strength becomes close to 0)
atapredetermined position on the optical path inside the atom
cell 11.

The temperature detector 14 is disposed at a predetermined
position, and detects the temperature. For example, the tem-
perature detector 14 may be disposed adjacent to the heating
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unit 12 or the atom cell 11. For example, the temperature
detector 14 can be realized by a temperature sensor, such as a
thermistor or a thermocouple.

The magnetic shielding unit 15 may shield at least the atom
cell 11, the heating unit 12, and the magnetic field generator
13 from an external magnetic field, and may further shield the
temperature detector 14 from an external magnetic field.

The light generator 20 generates light including resonance
light to resonate atoms enclosed in the atom cell 11 and emits
the light to the atom cell 11. For example, the light generator
20 can be realized by a semiconductor laser. As a semicon-
ductor laser, a surface emitting laser, such as an edge emitting
laser or a vertical cavity surface emitting laser (VCSEL), can
be used.

The light detector 30 detects light transmitted through the
atom cell 11. For example, the light detector 30 can be real-
ized using a photodiode (PD) that outputs a detection signal
corresponding to the intensity of received light.

The control unit 40 is configured to include a heating
control section 41 and an oscillation control section 42, and
can be realized by a general-purpose microprocessor or a
dedicated circuit, for example.

The heating control section 41 controls a current flowing
through the heating unit 12 according to the detection signal
of'the temperature detector 14. The amount of heat generation
of the heating unit 12 is controlled by the heating control
section 41 so that the internal temperature of the atom cell 11
is kept almost constant.

The oscillation control section 42 controls the frequency of
light generated by the light generator 20 on the basis of the
detection signal of the light detector 30. By the oscillation
control section 42, the light generator 20 is controlled so as to
generate resonance light.

In addition, as such an atom oscillator, for example, it is
possible to adopt a configuration in which the light generator
20 is controlled so as to generate a resonance light pair caus-
ing the EIT phenomenon in the atoms enclosed in the atom
cell 11, or it is possible to adopt a configuration in which the
atom cell 11 is housed in a cavity resonator (microwave
cavity), the light generator 20 is controlled so as to generate
resonance light for the atoms enclosed in the atom cell 11, and
an optical micro double resonance phenomenon occurring
due to applying a microwave to the cavity resonator is used.
Specific Configuration of the Atom Oscillator

FIG. 2 is a diagram showing an example of the specific
configuration ofthe atom oscillator 1 of the first embodiment.
As shown in FIG. 2, the atom oscillator 1 is configured to
include a gas cell module 100, a semiconductor laser 200, a
photodetector 210, a detector circuit 220, a modulation circuit
230, a low-frequency oscillator 240, a detector circuit 250, a
voltage controlled crystal oscillator (VCXO) 260, a modula-
tion circuit 270, a low-frequency oscillator 280, a frequency
conversion circuit 290, a driving circuit 300, and a heater
current control circuit 310. In addition, the atom oscillator of
the present embodiment may be formed by appropriately
omitting or changing some constituent components (units)
shown in FIG. 2 or by appropriately adding other constituent
components.

The gas cell module 100 corresponds to the atom cell
module 10 shown in FIG. 1, and is configured to include a gas
cell 110, heaters 120a and 1205, coils 130a and 13054, a
temperature sensor 140, and a magnetic shield 150. FIGS. 3A
and 3B show an example of the structure of the gas cell
module 100. FIG. 3A is a perspective view of the gas cell
module 100, and FIG. 3B is a side view of the gas cell module
100. In FIGS. 3A and 3B, for convenience of explanation,
three axes (X, Y, and Z axes) perpendicular to each other are
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shown. FIG. 3B is a side view of the gas cell module 100 when
viewed from the positive direction of the X axis.

The gas cell 110 corresponds to the atom cell 11 shown in
FIG. 1, and is formed by filling a container formed of a
transparent material, such as glass, with gaseous alkali metal
atoms. In the present embodiment, the gas cell 110 has a
rectangular parallelepiped shape, and light is incident on a
predetermined position (for example, a central point) of one
surface (incidence surface) 111 perpendicular to the Z axis,
and light transmitted through the gas cell 110 is emitted from
apredetermined position (for example, a central point) of the
other surface (emission surface) 112. In addition, the gas cell
110 may have a cylindrical shape or may have other shapes.

Both the two heaters 120a and 1205 have flat plate shapes,
and are provided so as to overlap the incidence surface 111
and the emission surface 112 of the gas cell 110, respectively.
Electrodes 121a and 1224 are provided at both ends of the
heater 120q. In the present embodiment, therefore, the heater
120a generates heat due to a current flowing in a direction
from the electrode 1214 to the electrode 1224, and the gas cell
110 is heated. Electrodes 1215 and 1225 are provided at both
ends of the heater 1205. In the present embodiment, therefore,
the heater 1205 generates heat due to a current flowing in a
direction from the electrode 1225 to the electrode 1215, and
the gas cell 110 is heated. In the present embodiment, the
heaters 120a and 1205 are formed using a transparent con-
ductive film, and light transmitted through the heater 120a is
incident on the gas cell 110, and the light transmitted through
the gas cell 110 is transmitted through the heater 1205 to be
emitted. These two heaters 120a and 1205 correspond to the
heating unit 12 shown in FIG. 1, and a magnetic field corre-
sponding to the current flowing through the heaters 120 and
12054 is generated inside the gas cell 110.

The temperature sensor 140 corresponds to the tempera-
ture detector 14 shown in FIG. 1, and is disposed on the
surface of the heater 1205 in the present embodiment. How-
ever, the temperature sensor 140 may also be disposed on the
surface of the heater 120q or the gas cell 110.

The two coils 130a and 1305 are disposed so as to face two
surfaces 113 and 114 perpendicular to both the incidence
surface 111 and the emission surface 112 of the gas cell 110
(perpendicular to the Y axis), respectively. One end of the coil
1304 is connected to the electrode 1214 of the heater 120a. In
addition, one end of the coil 1305 is connected to the elec-
trode 1224 ofthe heater 1204. In addition, under the control of
the heater current control circuit 310 shown in FIG. 2, a
current having a magnitude corresponding to the output sig-
nal of the temperature sensor 140 flows through the coil 130a
and then flows from the electrode 1214 to the electrode 1224
of the heater 120a and further flows through the coil 1305.
Alternatively, a current having a magnitude corresponding to
the output signal of the temperature sensor 140 flows through
the coil 1305 and then flows from the electrode 122a to the
electrode 121a of the heater 120q and further flows through
the coil 130q. These two coils 130a and 1305 correspond to
the magnetic field generator 13 shown in FIG. 1. The posi-
tions or shapes (the number of turns or the diameter) of the
two coils 130a and 1305 are adjusted such that a magnetic
field in an opposite direction to the magnetic field generated
by the current flowing through the two heaters 120a and 1205
is generated at a predetermined position inside the gas cell
110 by the current flowing through the two coils 130a and
1305.

In addition, although the entire current flowing through the
heater 120a flows through the coils 1304 and 1305 in the
present embodiment, it is also possible to adopt a structure
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10
where only a part of the current flowing through the heater
120a flows through the coils 130a and 1305.

In addition, in the present embodiment, the coils 130a and
13054 are not electrically connected to the heater 1205, and a
current having a magnitude corresponding to the output sig-
nal of the temperature sensor 140 is directly supplied from the
heater current control circuit 310 to the heater 1205 in a
direction from the electrode 1225 to the electrode 1215 or in
the opposite direction. However, the heater 1206 may be
electrically connected to at least one of the coils 130a and
1305.

The gas cell 110, the heaters 1204 and 1205, the coils 130a
and 1304, and the temperature sensor 140 are covered with
the magnetic shield 150. The magnetic shield 150 corre-
sponds to the magnetic shielding unit 15 shown in FIG. 1. In
addition, although the color of the magnetic shield 150 is not
usually a transparent color, the magnetic shield 150 is shown
in a transparent color in FIG. 3A in order to show the structure
of the gas cell module 100. In addition, the magnetic shield
150 is not shown in FIG. 3B.

Referring to FIG. 2, the semiconductor laser 200 corre-
sponds to the light generator 20 shown in FIG. 1, and gener-
ates beams including two light waves as a resonance light pair
that causes the EIT phenomenon in alkali metal atoms
included in the gas cell 110. Light generated by the semicon-
ductor laser 200 is incident on the gas cell 110.

The photodetector 210 corresponds to the light detector 30
shown in FIG. 1. Light transmitted through the gas cell 110 is
incident on the photodetector 210, and the photodetector 210
outputs a detection signal corresponding to the intensity of
the incident light. The output signal of the photodetector 210
is input to the detector circuit 220 and the detector circuit 250.

The detector circuit 220 performs synchronous detection
of the output signal of the photodetector 210 using an oscil-
lation signal of the low-frequency oscillator 240 that oscil-
lates at a low frequency of about several hertz to hundreds of
hertz. In order to enable synchronous detection of the detector
circuit 220, the modulation circuit 230 modulates the output
signal of the detector circuit 220 with the oscillation signal
(the same signal as the oscillation signal supplied to the
detector circuit 220) of the low-frequency oscillator 240 as a
modulation signal, and outputs it to the driving circuit 300.
The modulation circuit 230 can be realized by a frequency
mixer, a frequency modulation (FM) circuit, an amplitude
modulation (AM) circuit, and the like.

The detector circuit 250 performs synchronous detection
of the output signal of the photodetector 210 using an oscil-
lation signal of the low-frequency oscillator 280 that oscil-
lates at a low frequency of about several hertz to hundreds of
hertz. In addition, according to the magnitude of the output
signal of the detector circuit 250, the oscillation frequency of
the voltage controlled crystal oscillator (VCXO) 260 is finely
adjusted. For example, the voltage controlled crystal oscilla-
tor (VCXO) 260 oscillates at a frequency of about several
megahertz to tens of megahertz.

In order to enable synchronous detection of the detector
circuit 250, the modulation circuit 270 modulates the output
signal of the voltage controlled crystal oscillator (VCXO)
260 with the oscillation signal (the same signal as the oscil-
lation signal supplied to the detector circuit 250) of the low-
frequency oscillator 280 as a modulation signal. The modu-
lation circuit 270 can be realized by a frequency mixer, a
frequency modulation (FM) circuit, an amplitude modulation
(AM) circuit, and the like.

The frequency conversion circuit 290 performs frequency
conversion of the output signal of the modulation circuit 270
ata certain frequency conversion rate and outputs the result to
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the driving circuit 300. For example, the frequency conver-
sion circuit 290 can be realized by a phase locked loop (PLL)
circuit.

The driving circuit 300 sets the bias current of the semi-
conductor laser 200, and also performs fine adjustment of the
bias current according to the output signal of the modulation
circuit 230 and supplies the adjusted bias current to the semi-
conductor laser 200. The center wavelength A, (center fre-
quency 1) of the light generated by the semiconductor laser
200 is finely adjusted by the feedback loop (first feedback
loop) passing through the semiconductor laser 200, the gas
cell 110, the photodetector 210, the detector circuit 220, the
modulation circuit 230, and the driving circuit 300. Specifi-
cally, feedback control is performed by the first feedback loop
such that the center wavelength A, (=v/f,) of emitted light of
the semiconductor laser 200 almost matches (A+A,)/2 (center
frequency f, almost matches (f; +f,)/2), where the wavelength
A, (=v/f;: v is the speed of light) is equivalent to the energy
difference between the excitation level and one ground level
of the alkali metal atom and the wavelength A, (=v/f,) is
equivalent to the energy difference between the excitation
level and the other ground level.

In addition, the driving circuit 300 superimposes a current
(modulation current) of the output frequency component
(modulation frequency f,,) of the frequency conversion cir-
cuit 290 on the bias current, and supplies it to the semicon-
ductor laser 200. By this modulation current, frequency
modulation is applied to the semiconductor laser 200. As a
result, a light beam having a center frequency of f, and light
beams having frequencies of fy=f , f,#2f . ... (which are
frequencies shifted by f,,) on both sides of a light beam having
a center frequency of f, are generated. In addition, by the
feedback loop (second feedback loop) passing through the
semiconductor laser 200, the gas cell 110, the photodetector
210, the detector circuit 250, the voltage controlled crystal
oscillator (VCXO) 260, the modulation circuit 270, the fre-
quency conversion circuit 290, and the driving circuit 300,
fine adjustment is performed such that the light having a
frequency f,+f,, and the light having a frequency f,-f,,
become a resonance light pair that causes the EIT phenom-
enon in the alkali metal atoms enclosed in the gas cell 110. For
example, if the alkali metal atom is a cesium atom, the fre-
quency equivalent to AE, , 15 9.192631770 GHz. Accordingly,
the frequency of the output signal of the frequency conversion
circuit 290 is stabilized when it matches 4.596315885 GHz.
FIG. 4 shows an example of the frequency spectrum of emit-
ted light of the semiconductor laser 200. In FIG. 4, the hori-
zontal axis indicates a frequency of light, and the vertical axis
indicates the intensity of light.

In addition, a circuit formed by the detector circuit 220, the
modulation circuit 230, the low-frequency oscillator 240, the
detector circuit 250, the voltage controlled crystal oscillator
(VCXO) 260, the modulation circuit 270, the low-frequency
oscillator 280, the frequency conversion circuit 290, and the
driving circuit 300 corresponds to the oscillation control sec-
tion 42 shown in FIG. 1.

The heater current control circuit 310 corresponds to the
heating control section 41 shown in FIG. 1, and controls a
current flowing through the heaters 1204 and 1205 according
to the temperature detected by the temperature sensor 140 in
order to keep the temperature of the gas cell 110 constant.
Specifically, when the temperature detected by the tempera-
ture sensor 140 rises slightly due to an increase in the outside
air temperature, the heater current control circuit 310 reduces
the current flowing through heaters 120a and 1205. On the
contrary, when the temperature detected by the temperature
sensor 140 drops slightly due to a reduction in the outside air
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temperature, the heater current control circuit 310 increases
the current flowing through heaters 120a and 1204.

Since the current flowing through the heaters 120a and
12054 also flows through the coils 130a and 1305, a magnetic
field due to the current (heater current) flowing through the
heaters 120a and 1205 and a magnetic field due to the current
(coil current) flowing through the coils 130a and 1305 are
generated inside the gas cell 110. FIG. 5 is a diagram showing
an example of the relationship between the direction of the
current flowing through the heaters 120a and 12056 and the
coils 130a and 1305 and the direction of the magnetic field
generated inside the gas cell 110. FIG. 5 is a cross-sectional
view when the gas cell module 100 shown in FIGS. 3A and 3B
is cut along the plane, which is parallel to the YZ plane and
includes an optical path, and is viewed from the positive
direction of the X axis. In addition, the magnetic shield 150 is
not shown in FIG. 5.

As shown in FIG. 5, a current flows through the heater
120a, for example, in the +X direction (from the electrode
121a to the electrode 1224). As a result, a +Y-direction mag-
netic field G1 is generated at a point P on the optical path
inside the gas cell 110 (for example, a center position inside
the gas cell 110). On the other hand, a current flows through
the heater 1205 in the —X direction (from the electrode 1225
to the electrode 1215). As a result, a +Y-direction magnetic
field G2 is generated at the point P.

For example, a current flows through the coil 130a clock-
wise when viewed from the +Y direction. As a result, a
-Y-direction magnetic field G3 is generated at the point P.
Similarly, a current also flows through the coil 1305 clock-
wise when viewed from the +Y direction. As a result, a
-Y-direction magnetic field G4 is generated at the point P.

Thus, at the point P, directions of the magnetic fields G3
and G4 generated by the current (coil current) flowing
through the coils 130a and 1305 are opposite to directions of
the magnetic fields G1 and G2 generated by the current
(heater current) flowing through the heaters 120a and 1204.

Here, in order to keep the temperature of the gas cell 110
almost constant, the heater current decreases almost linearly
as the temperature rises (refer to FIG. 6 A). The magnetic field
G1+G2 increases almost linearly as the heater current
increases (refer to FIG. 6B), and the magnetic field G3+G4
increases almost linearly as the coil current increases (refer to
FIG. 6C). In the present embodiment, the gas cell module 100
(in particular, the positions or shapes of the coils 130a and
13054) is adjusted such that the directions of the magnetic
fields G3 and G4 are opposite to the directions of the magnetic
fields G1 and G2 and the magnetic field G3+G4 almost
matches the magnetic field G1+G2.

Method of Adjusting the Gas Cell Module

FIG. 7 is a flow chart showing an example of a method of
adjusting the gas cell module 100.

First, a heater current flowing through the heaters 120a and
1205 is set to a predetermined value (S10).

Then, two light waves are emitted to the atom cell while
sweeping the frequency difference, and a detection signal of
the light transmitted through the atom cell is monitored (S12).
For example, if the strength of the magnetic field G1+G2
generated by the heater current and the strength of the mag-
netic field G3+G4 generated by the coil current are different
at the point P shown in FIG. 5, the EIT signal is split at
intervals of the frequency corresponding to the strength dif-
ference (refer to FIG. 8A). On the other hand, if the strength
of the magnetic field G1+G2 almost matches the strength of
the magnetic field G3+G4, the EIT signal degenerates into
one (refer to FIG. 8B).
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When a result of monitoring in step S12 is that the EIT
signal does not degenerate (N of S14), some or all of the
number of turns, diameters, and positions of the coils 130a
and 1305 are changed according to the split EIT signal (S18),
and the monitoring in step S12 is performed again.

When a result of monitoring in step S12 is that the EIT
signal degenerates (Y of S14), if the width of the EIT signal is
not in the allowable range (N of S16), some or all of the
number of turns, diameters, and positions of the coils 130a
and 1305 are changed (S18), and the monitoring in step S12
is performed again. On the other hand, if the width of the EIT
signal is in the allowable range (Y of S16), the number of
turns, diameters, and positions of the coils 130a and 1305 are
fixed (S20), and the adjustment of the gas cell module 100 is
ended.

As described above, according to the atom oscillator of the
first embodiment, the gas cell module 100 is adjusted, for
example, according to the flow chart shown in FIG. 7. There-
fore, when the heater current is a predetermined value, at a
predetermined position on the optical path inside the gas cell
110 (for example, a center position inside the gas cell 110), a
magnetic field generated by the coil current flowing through
the coils 130a and 1305 and a magnetic field generated by the
current flowing through the heaters 120a and 1205 cancel
each other out since these magnetic fields have almost the
same strength in opposite directions. As a result, a degenerate
EIT signal with high signal strength is obtained. In the present
embodiment, even if the strength of the magnetic field gen-
erated by the heater current is changed due to changes in the
outside air temperature, the strength of the magnetic field
generated by the coil current is similarly changed. Accord-
ingly, since the magnetic fields cancel each other out, a degen-
erate EIT signal with high signal strength can be obtained
regardless of the outside air temperature. Therefore, an atom
oscillator with high frequency stability can be realized by
performing feedback control so as to be locked to the degen-
erate EIT signal.

1-2. Second Embodiment
Functional Configuration of an Atom Oscillator

FIG. 9 is a functional block diagram of an atom oscillator
of a second embodiment. In FIG. 9, the same constituent
components as in FIG. 1 are denoted by the same reference
numerals. In addition, the atom oscillator of the present
embodiment may be formed by appropriately omitting or
changing some constituent components (units) shown in FIG.
9 or by appropriately adding other constituent components.

As shown in FIG. 9, an atom oscillator 1 of the second
embodiment is different from the atom oscillator 1 of the first
embodiment in that a magnetic detector 16 is added to the
atom cell module 10 and a magnetic field control section 43 is
added to the control unit 40. In addition, the function of the
magnetic field generator 13 is different from that in the first
embodiment.

The magnetic field generator 13 generates a magnetic field
inside the atom cell 11. The shape or the arrangement of the
magnetic field generator 13 is determined such that a mag-
netic field at a predetermined position inside the atom cell 11
generated by the magnetic field generator 13 (for example, a
position on the optical path inside the atom cell 11) includes
a magnetic field component in an opposite direction to a
magnetic field at the predetermined position generated on the
basis of a current flowing through the heating unit 12. For
example, such a magnetic field generator 13 can be realized
by a coil. The direction or the magnitude of the magnetic field
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at a predetermined position inside the atom cell 11 can be
adjusted by changing the position or the shape of the coil (for
example, the number of turns or the diameter of the coil), the
direction of current flowing through the coil (or the direction
of winding of the coil), or the magnitude of current. For
example, it is possible to perform adjustment such that the
magnetic field generated by the heating unit 12 and the mag-
netic field generated by the magnetic field generator 13 cancel
each other out (such that the magnetic field strength becomes
close to 0) at a predetermined position on the optical path
inside the atom cell 11.

The magnetic detector 16 is provided at a position where
changes in the strength of the magnetic field generated on the
basis of the current flowing through the heating unit 12 can be
detected. For example, the magnetic detector 16 may be dis-
posed adjacent to the heating unit 12 or the atom cell 11. For
example, the magnetic detector 16 can be realized by a mag-
netic sensor, such as a coil or a hall element.

The magnetic field control section 43 controls a magnetic
field generated by the magnetic field generator 13 so that the
variation of the magnetic field at a predetermined position
inside the atom cell 11 caused by the changes in the current
flowing through the heating unit 12 is reduced. In particular,
in the present embodiment, the magnetic field control section
43 controls the magnetic field generated by the magnetic field
generator 13 according to a detection signal of the magnetic
detector 16. For example, the magnetic field control section
43 may perform control to strengthen the magnetic field gen-
erated by the magnetic field generator 13 in proportion to the
strength of the magnetic field detected by the magnetic detec-
tor 16.

Since the other functional configuration of the atom oscil-
lator 1 of the second embodiment is the same as that in the first
embodiment, explanation thereof will be omitted.

Specific Configuration of the Atom Oscillator

FIG. 10 is a diagram showing an example of the specific
configuration of the atom oscillator 1 of the second embodi-
ment. In FIG. 10, the same constituent components as in FIG.
2 are denoted by the same reference numerals. In addition, the
atom oscillator of the present embodiment may be formed by
appropriately omitting or changing some constituent compo-
nents (units) shown in FIG. 10 or by appropriately adding
other constituent components.

As shown in FIG. 10, the atom oscillator 1 of the second
embodiment is different from the atom oscillator 1 of the first
embodiment in that a coil current control circuit 320 is added
and a magnetic sensor 160 is added to the gas cell module 100.
FIGS. 11A and 11B show an example of the structure of the
gas cell module 100 in the present embodiment. FIG. 11A is
a perspective view of the gas cell module 100, and FIG. 11B
is a side view of the gas cell module 100. In FIGS. 11A and
11B, for convenience of explanation, three axes (X, Y, and Z
axes) perpendicular to each other are shown. FIG. 11B is a
side view of the gas cell module 100 when viewed from the
positive direction of the X axis.

The structure and the arrangement of the gas cell 110, the
heaters 120a and 1205, and the temperature sensor 140 are the
same as those in the first embodiment, and explanation
thereof will be omitted.

The magnetic sensor 160 corresponds to the magnetic
detector 16 shown in FIG. 9, and is provided at a predeter-
mined position inside the magnetic shield 150. Although the
magnetic sensor 160 is disposed on the surface of the heater
12054 in the present embodiment, the magnetic sensor 160
may be disposed on the surface of the heater 120a or the gas
cell 110, or may be disposed inside the gas cell 110. Since the
temperature of the surface of the heaters 120a and 1205 or the
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temperature of the surface and inside of the gas cell 110 are
kept almost constant, it is not necessary to correct the tem-
perature characteristic of the magnetic sensor 160 by placing
the magnetic sensor in one of these locations.

Two coils 130a and 1305 are disposed so as to face two
surfaces 113 and 114 perpendicular to both the incidence
surface 111 and the emission surface 112 of the gas cell 110
(perpendicular to the Y axis), respectively, but the two coils
130a and 1305 are not electrically connected to the heaters
1204 and 1204 unlike the first embodiment. Under the control
of the coil current control circuit 320 shown in FIG. 10, a
current having a magnitude corresponding to the output sig-
nal of the magnetic sensor 160 flows through the coils 130a
and 1305. These two coils 130a and 1305 correspond to the
magnetic field generator 13 shown in FIG. 9. The positions or
shapes (the number of turns or the diameter) of the two coils
130a and 1305 are adjusted such that a magnetic field in an
opposite direction to the magnetic field generated by the
current flowing through the two heaters 120a and 1205 is
generated at a predetermined position inside the gas cell 110
by the current flowing through the two coils 130a and 1304.

Referring back to FIG. 10, a memory 330 is a nonvolatile
memory, and control information 332 is stored in the memory
330. The control information 332 is information in which the
correspondence relationship between the detected value of
the magnetic sensor 160 and the setting value of the coil
current is defined.

The coil current control circuit 320 corresponds to the
magnetic field control section 43 shown in FIG. 9, and con-
trols a current (coil current) flowing through the coils 130a
and 13054 on the basis of the detected value of the magnetic
sensor 160 and the control information 332. Specifically,
when the detected value of the magnetic sensor 160 has
changed by a predetermined amount or more, the coil current
control circuit 320 changes the coil current to the setting value
corresponding to the detected value of the magnetic sensor
160 in the control information 332. When the setting value of
the coil current corresponding to the detected value of the
magnetic sensor 160 is not defined in the control information
332, it is preferable to calculate the setting value of the coil
current using a method, such as linear interpolation.

Since the other specific configurations of the atom oscilla-
tor 1 of the second embodiment are the same as that in the first
embodiment, explanation thereof will be omitted.

A magnetic field due to the heater current and a magnetic
field due to the coil current are generated inside the gas cell
110. In the present embodiment, a current flows through the
heater 120a, for example, in the +X direction (from the elec-
trode 121a to the electrode 1224). As a result, a +Y-direction
magnetic field G1 is generated at a point P on the optical path
inside the gas cell 110 (for example, a center position inside
the gas cell 110). On the other hand, a current flows through
the heater 1205 in the —X direction (from the electrode 1225
to the electrode 1215). As a result, a +Y-direction magnetic
field G2 is generated at the point P.

For example, a current flows through the coil 130a clock-
wise when viewed from the +Y direction. As a result, a
—Y-direction magnetic field G3 is generated at the point P.
Similarly, a current also flows through the coil 1305 clock-
wise when viewed from the +Y direction. As a result, a
—Y-direction magnetic field G4 is generated at the point P.

In addition, since the directions of the heater current and
the coil current and the directions of the magnetic fields G1,
G2, G3, and G4 are the same as those in FIG. 5, a figure
thereof will be omitted.

Thus, at the point P, directions of the magnetic fields G3
and G4 generated by the current (coil current) flowing
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through the coils 130a and 1305 are opposite to directions of
the magnetic fields G1 and G2 generated by the current
(heater current) flowing through the heaters 120a and 1205.
In the present embodiment, the coil current is controlled by
the coil current control circuit 320 such that the magnetic field
(G3+G4 almost matches the magnetic field G1+G2 constantly
for the variation range of the outside air temperature.
Method of Creating Control Information

FIG. 12 is a flow chart showing an example of a method of
creating the control information 332.

First, a heater current flowing through the heaters 120a and
1204 and a coil current flowing through the coils 130a and
13054 are set to predetermined values (S100).

Then, two light waves are emitted to the atom cell while
sweeping the frequency difference, and a detection signal of
the light transmitted through the atom cell is monitored
(S102).

When a result of monitoring in step S102 is that the EIT
signal does not degenerate (N of S104), the setting value of
the coil current is changed according to the split EIT signal
(S108), and the monitoring in step S102 is performed again.

When a result of monitoring in step S102 is that the EIT
signal degenerates (Y of S104), if the width of the EIT signal
is not in the allowable range (N of S106), the setting value of
the coil current is changed (S108), and the monitoring in step
S102 is performed again. On the other hand, if the width of the
EIT signal is in the allowable range (Y of S106), the detected
value of the magnetic sensor 160 and the setting value of the
coil current are acquired (S110).

Then, if the processing of steps S102 to S110 has not been
completed for a predetermined number of heater current val-
ues (N of S112), the heater current is set to the next predeter-
mined value (S114), and the processing of steps S102 to S110
is performed.

On the other hand, if the processing of steps S102 to S110
has been completed for a predetermined number of heater
current values (Y of S112), the control information 332 is
created by matching the detected values of the magnetic
sensor 160 and the setting values of the coil current acquired
in step S110 and is stored in the memory 330 (S116), and the
process is ended.

As described above, according to the atom oscillator of the
second embodiment, since the setting value of the coil current
is changed according to the detected value of the magnetic
sensor 160 on the basis of the control information 332 cre-
ated, for example, according to the flow chart shown in FIG.
12, the strength of the magnetic field generated by the coil
current is similarly changed even if the strength of the mag-
netic field generated by the heater current is changed due to
changes in the outside air temperature. Therefore, since the
magnetic fields cancel each other out, a degenerate EIT signal
with high signal strength can be obtained regardless of the
outside air temperature.

In addition, if the size of the atom oscillator 1 is reduced, a
sufficient magnetic shield 150 may not be provided in the gas
cell module 100. However, according to the atom oscillator of
the present embodiment, the magnetic sensor 160 detects not
only the magnetic field due to the heater current or the coil
current but also the magnetic field due to an external magnetic
field. Therefore, by controlling the coil current using the
control information 332, a degenerate EIT signal with high
signal strength can always be obtained even if an external
magnetic field is changed.

Therefore, an atom oscillator with high frequency stability
can be realized by performing feedback control so as to be
locked to the degenerate EIT signal.
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1-3. Third Embodiment

Functional Configuration of an Atom Oscillator

FIG. 13 is a functional block diagram of an atom oscillator
of a third embodiment. In FIG. 13, the same constituent
components as in FIG. 9 are denoted by the same reference
numerals. In addition, the atom oscillator of the present
embodiment may be formed by appropriately omitting or
changing some constituent components (units) shown in FIG.
13 or by appropriately adding other constituent components.

As shown in FIG. 13, an atom oscillator 1 of the third
embodiment is different from the atom oscillator 1 of the
second embodiment in that a current detector 44 is added to
the control unit 40 instead of the magnetic detector 16 of the
atom cell module 10. In addition, the function of the magnetic
field control section 43 is different from that in the second
embodiment.

The current detector 44 detects a current flowing through
the heating unit 12.

The magnetic field control section 43 controls a magnetic
field generated by the magnetic field generator 13 according
to the detection signal of the current detector 44. For example,
the magnetic field control section 43 may perform control to
strengthen the magnetic field generated by the magnetic field
generator 13 in proportion to the magnitude of the current
detected by the current detector 44.

Since the other functional configurations of the atom oscil-
lator 1 of the third embodiment are the same as that in the
second embodiment, explanation thereof will be omitted.
Specific Configuration of the Atom Oscillator

FIG. 14 is a diagram showing an example of the specific
configuration of the atom oscillator 1 of the third embodi-
ment. In FIG. 14, the same constituent components as in FIG.
10 are denoted by the same reference numerals. In addition,
the atom oscillator of the present embodiment may be formed
by appropriately omitting or changing some constituent com-
ponents (units) shown in FIG. 14 or by appropriately adding
other constituent components.

As shown in FIG. 14, in the atom oscillator 1 of the third
embodiment, a current detection circuit 340 is provided
instead of the magnetic sensor 160 for the atom oscillator 1 of
the second embodiment.

The current detection circuit 340 corresponds to the current
detector 44 shown in FIG. 13, and detects a heater current
flowing through one or both of the heaters 120a and 1204.

In the present embodiment, unlike in the second embodi-
ment, the control information 332 is information in which the
correspondence relationship between the detected value of
the current detection circuit 340 and the setting value of the
coil current is defined.

The coil current control circuit 320 corresponds to the
magnetic field control section 43 shown in FIG. 13, and
controls a current (coil current) flowing through the coils
1304 and 1304 on the basis of the detected value of the current
detection circuit 340 and the control information 332. Spe-
cifically, when the detected value of the current detection
circuit 340 has changed by a predetermined amount or more,
the coil current control circuit 320 changes the coil current to
the setting value corresponding to the detected value of the
current detection circuit 340 in the control information 332.
When the setting value of the coil current corresponding to
the detected value of the current detection circuit 340 is not
defined in the control information 332, it is preferable to
calculate the setting value of the coil current using a method,
such as linear interpolation.
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In addition, as shown in FIGS. 15A and 15B, the structure
of the gas cell module 100 in the present embodiment is the
same as the gas cell module 100 (refer to FIGS. 11A and 11B)
of the second embodiment except that the magnetic sensor
160 is removed. Accordingly, explanation thereof will be
omitted.

Since the other specific configurations of the atom oscilla-
tor 1 of the third embodiment are the same as that in the
second embodiment, explanation thereof will be omitted.

A magnetic field due to the heater current and a magnetic
field due to the coil current are generated inside the gas cell
110. In the present embodiment, a current flows through the
heater 120a, for example, in the +X direction (from the elec-
trode 121a to the electrode 122a). As a result, a +Y-direction
magnetic field G1 is generated at a point P on the optical path
inside the gas cell 110 (for example, a center position inside
the gas cell 110). On the other hand, a current flows through
the heater 1205 in the —X direction (from the electrode 1225
to the electrode 1215). As a result, a +Y-direction magnetic
field G2 is generated at the point P.

For example, a current flows through the coil 130a clock-
wise when viewed from the +Y direction. As a result, a
-Y-direction magnetic field G3 is generated at the point P.
Similarly, a current also flows through the coil 1305 clock-
wise when viewed from the +Y direction. As a result, a
-Y-direction magnetic field G4 is generated at the point P.

In addition, since the directions of the heater current and
the coil current and the directions of the magnetic fields G1,
G2, G3, and G4 are the same as those in FIG. 5, a figure
thereof will be omitted.

Thus, at the point P, directions of the magnetic fields G3
and G4 generated by the current (coil current) flowing
through the coils 130a and 1305 are opposite to directions of
the magnetic fields G1 and G2 generated by the current
(heater current) flowing through the heaters 120a and 1205.
In the present embodiment, the coil current is controlled by
the coil current control circuit 320 such that the magnetic field
(G3+G4 almost matches the magnetic field G1+G2 constantly
for the variation range of the outside air temperature.
Method of Creating Control Information

FIG. 16 is a flowchart showing an example of a method of
creating the control information 332.

First, a heater current flowing through the heaters 120a and
1204 and a coil current flowing through the coils 130a and
13054 are set to predetermined values (S200).

Then, two light waves are emitted to the atom cell while
sweeping the frequency difference, and a detection signal of
the light transmitted through the atom cell is monitored
(S202).

When a result of monitoring in step S202 is that the EIT
signal does not degenerate (N of S204), the setting value of
the coil current is changed according to the split EIT signal
(S208), and the monitoring in step S202 is performed again.

When a result of monitoring in step S202 is that the EIT
signal degenerates (Y of S204), if the width of the EIT signal
is not in the allowable range (N of S206), the setting value of
the coil current is changed (S208), and the monitoring in step
8202 is performed again. On the other hand, if the width of the
EIT signal is in the allowable range (Y of S206), the detected
value of the current detection circuit 340 and the setting value
of'the coil current are acquired (S210).

Then, if the processing of steps S202 to S210 has not been
completed for a predetermined number of heater current val-
ues (N of S212), the heater current is set to the next predeter-
mined value (S214), and the processing of steps S202 to S210
is performed.
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On the other hand, if the processing of steps S202 to S210
has been completed for a predetermined number of heater
current values (Y of S212), the control information 332 is
created by matching the detected values of the current detec-
tion circuit 340 and the setting values of the coil current
acquired in step S210 and is stored in the memory 330 (S216),
and the process is ended.

As described above, according to the atom oscillator of the
third embodiment, since the setting value of the coil current is
changed according to the detected value of the current detec-
tion circuit 340 on the basis of the control information 332
created, for example, according to the flow chart shown in
FIG. 16, the strength of the magnetic field generated by the
coil current is similarly changed even if the strength of the
magnetic field generated by the heater current is changed due
to changes in the outside air temperature. Therefore, since the
magnetic fields cancel each other out, a degenerate EIT signal
with high signal strength can be obtained regardless of the
outside air temperature. Therefore, an atom oscillator with
high frequency stability can be realized by performing feed-
back control so as to be locked to the degenerate EIT signal.

2. ELECTRONIC APPARATUS

FIG. 17 is a functional block diagram of an electronic
apparatus of the present embodiment. An electronic appara-
tus 400 of the present embodiment is configured to include a
clock generator 410, a micro processing unit (MPU) 420, an
operating unit 430, a read only memory (ROM) 440, a ran-
dom access memory (RAM) 450, a communication unit 460,
a display unit 470, and a sound output unit 480. In addition,
the electronic apparatus of the present embodiment may be
formed by omitting or changing some constituent compo-
nents (units) shown in FIG. 17 or by adding other constituent
components.

The clock generator 410 generates various kinds of clock
signals with the oscillation signal of an atom oscillator 412 as
an original oscillation clock. For example, the atom oscillator
412 is the atom oscillator 1 of the embodiment described
above.

The MPU 420 performs various kinds of computation pro-
cessing or control processing according to a program stored
in the ROM 440 or the like using various kinds of clock
signals generated by the clock generator 410. Specifically, the
MPU 420 performs various kinds of processing according to
the operation signal from the operating unit 430, processing
of controlling the communication unit 460 in order to perform
data communication with the outside, processing of transmit-
ting a display signal for displaying various kinds of informa-
tion on the display unit 470, processing of making the sound
output unit 480 output various kinds of sound, and the like.

The operating unit 430 is an input device configured to
include operation keys, button switches, and the like, and
outputs an operation signal according to the operation of the
user to the MPU 420.

The ROM 440 stores a program, data, and the like used
when the MPU 420 performs various kinds of computation
processing or control processing.

The RAM 450 is used as a work area of the MPU 420, and
temporarily stores a program or data read from the ROM 440,
data input through the operating unit 430, results of opera-
tions executed by the MPU 420 according to various pro-
grams, and the like.

The communication unit 460 performs various kinds of
control for establishing data communication between the
MPU 420 and an external device.
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The display unit 470 is a display device formed by a liquid
crystal display (LCD) or the like, and displays various kinds
of'information on the basis of a display signal input from the
MPU 420.

The sound output unit 480 is a device that outputs a sound,
such as a speaker.

A more reliable electronic apparatus can be realized by
adding the atom oscillator 1 of the present embodiment as the
atom oscillator 412.

FIG. 18 shows a schematic diagram of an electronic appa-
ratus (mobile terminal) in which an atom oscillator is
mounted as an example of the electronic apparatus of the
present embodiment. In FIG. 18, a mobile terminal 500 (in-
cluding a PHS and a smart phone) (an example of the elec-
tronic apparatus 400) includes a plurality of operating buttons
502 (an example of the operating unit 430), an earpiece 504,
and a speaker 506, and a display unit 508 (an example of the
display unit 470) is disposed between the operating buttons
502 and the earpiece 504. In recent years, the mobile terminal
500 has also come to have a GPS function. Therefore, in the
mobile terminal 500, the atom oscillator of the present
embodiment is built as a clock source of a GPS circuit.

As examples of the electronic apparatus of the present
embodiment, various other electronic apparatuses can also be
considered. For example, a personal computer (for example,
a mobile personal computer, a laptop personal computer, and
a tablet personal computer), a mobile terminal such as a
mobile phone, a digital still camera, an inkjet type discharge
apparatus (for example, an ink jet printer), a storage area
network device such as a router and a switch, a local area
network device, a television, a video camera, a video tape
recorder, a car navigation system, a pager, an electronic diary
(including an electronic diary with a communication func-
tion), an electronic dictionary, an electronic calculator, an
electronic game machine, a controller for games, a word
processor, a workstation, a video phone, a television monitor
for security, electronic binoculars, a POS terminal, medical
equipment (for example, an electronic thermometer, a sphyg-
momanometer, a blood glucose meter, and an electrocardio-
gram measuring device, an ultrasonic diagnostic apparatus,
and an electronic endoscope), a fishfinder, various measuring
apparatuses, instruments (for example, instruments in
vehicles, aircrafts, and ships), a flight simulator, a head-
mounted display, a motion tracer, a motion tracking device, a
motion controller, a PDR (measurement of position and
direction of pedestrian), and the like can be mentioned.

3. MODIFICATION EXAMPLES

The invention is not limited to the present embodiment, and
can be modified within the scope of the invention.

Modification Example 1

In the flow chart shown in FIG. 12, it is possible to create
the control information 332 by replacing the setting value of
the heater current with the outside air temperature to acquire
the detected value of the magnetic sensor 160 and the setting
value of the coil current. Similarly, in the flow chart shown in
FIG. 16, it is possible to create the control information 332 by
replacing the setting value of the heater current with the
outside air temperature to acquire the detected value of the
current detection circuit 340 and the setting value of the coil
current.

Modification Example 2

In the atom oscillator of the present embodiment, control
may be performed by the first feedback loop such that the
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center wavelength A, (center frequency 1) of emitted light of
the semiconductor laser 200 almost matches A, or A, (center
frequency {, almost matches f, or f,), where the wavelength
A, (frequency f|) is equivalent to the energy difference
between the excitation level and one ground level of the alkali
metal atoms enclosed in the gas cell 110 and the wavelength
A, (frequency f,) is equivalent to the energy difference
between the excitation level and the other ground level. At the
same time, by the second feedback loop, the frequency con-
version circuit 290 may convert the output signal of the modu-
lation circuit 270 into a signal having a frequency equal to the
frequency equivalent to AE ,.

FIG. 19A is a schematic diagram showing a frequency
spectrum of emitted light of the semiconductor laser 200
when the center wavelength A, matches A,, and FIG. 19Bis a
schematic diagram showing a frequency spectrum of emitted
light of the semiconductor laser 200 when the center wave-
length A, matches A,. In FIGS. 19A and 19B, the horizontal
axis indicates a frequency of light, and the vertical axis indi-
cates the intensity of light. In the case shown in FIG. 19A,
since the frequency difference f,, between the light having a
frequency f,+f,, and the light having a frequency f, is equal to
the frequency equivalent to AE, ,, f,+f,, is almost equal to f},
and {;, is almost equal to f,, the light having a frequency f+£,,
and the light having a frequency f, become a resonance light
pair causing the EIT phenomenon in the alkali metal atoms
enclosed in the gas cell 110. On the other hand, in the case
shown in FIG. 19B, since the frequency difference f,, between
the light having a frequency f, and the light having a fre-
quency f,-f, is almost equal to the frequency equivalent
to AE,, f,, is almost equal to f}, and f,—{f,, is almost equal to
f,, the light having a frequency f, and the light having a
frequency f,-f,, become a resonance light pair causing the
EIT phenomenon in the alkali metal atoms enclosed in the gas
cell 110.

Modification Example 3

The configuration of the atom oscillator of the present
embodiment may be changed to a configuration using an
electro-optic modulator (EOM). That is, the semiconductor
laser 200 generates light having a single frequency f, accord-
ing to the set bias current without modulation based on the
output signal (modulation signal) of the frequency conversion
circuit 290. The light having a frequency {;, is incident on the
electro-optic modulator (EOM), and is modulated by the
output signal (modulation signal) of the frequency conversion
circuit 290. As a result, it is possible to generate light having
the same frequency spectrum as in FIG. 4. Then, the light
generated by the electro-optic modulator (EOM) is emitted to
the gas cell 110. In this atom oscillator, the configuration
including the semiconductor laser 200 and the electro-optic
modulator (EOM) is equivalent to the light generator 20
shown in FIG. 1, 9, or 13.

In addition, an acousto-optic modulator (AOM) may be
used instead of the electro-optic modulator (EOM).

4. APPLICATION EXAMPLES

The configuration of the atom oscillator of the present
embodiment or each modification example can be applied to
various quantum interference devices that cause a quantum
interference state in the atom using resonance light.

Application Example 1

For example, if the magnetic shield 150 is eliminated from
the atom oscillator of the present embodiment or each modi-
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fication, the oscillation frequency of the voltage controlled
crystal oscillator (VCXO) 260 is changed in response to the
change in the magnetic field around the gas cell module 100.
Therefore, a magnetic sensor (an example of the quantum
interference device) can be realized by placing a magnetic
measurement object in the vicinity of the gas cell module 100.

Application Example 2

In addition, for example, by the same configuration as in
the atom oscillator of the present embodiment or each modi-
fication, it is possible to produce a quantum interference state
(quantum coherence state) of the metal atom that is very
stable. Therefore, a light source (an example of the quantum
interference device) used in quantum information devices,
such as a quantum computer, a quantum memory, and a quan-
tum encryption system, can also be realized by taking out the
resonance light pair incident on the gas cell 110.

The embodiments and the modification examples
described above are just examples, and the invention is not
limited to these. For example, each embodiment and each
modification example can be appropriately combined.

The invention includes substantially the same configura-
tion (for example, a configuration with the same function,
method, and result or a configuration with the same object and
effect) as the configuration described in each embodiment. In
addition, the invention includes a configuration that replaces
aunit that is not essential in the configuration described in the
embodiment. In addition, the invention includes a configura-
tion capable of achieving the same operations and effects as in
the configuration described in each embodiment or a configu-
ration capable of achieving the same object. In addition, the
invention includes a configuration obtained by adding a
known technique to the configuration described in the
embodiment.

The entire disclosure of Japanese Patent Application No.
2012-198264, filed Sep. 10, 2012 is expressly incorporated
by reference herein.

What is claimed is:

1. An atom cell module, comprising:

an atom cell in which atoms are enclosed;

a heating unit that heats the atom cell by generating heat
when a current flows;

a magnetic detector that detects a strength of a first mag-
netic field generated by the current flowing through the
heating unit and that generates a detection signal corre-
sponding to the strength of the first magnetic field;

a magnetic field generator that generates a second mag-
netic field; and

a magnetic field control unit that controls the second mag-
netic field generated by the magnetic field generator,
wherein

inside the atom cell, the second magnetic field generated by
the magnetic field generator and the first magnetic field
generated by the current flowing through the heating unit
include magnetic field components in opposite direc-
tions, and

the magnetic field control unit is configured to control the
second magnetic field generated by the magnetic field
generator according to the detection signal of the mag-
netic detector.

2. The atom cell module according to claim 1,

wherein the magnetic field generator generates the second
magnetic field inside the atom cell when at least a part of
the current flowing through the heating unit flows.



US 9,048,853 B2

23

3. The atom cell module according to claim 1, further
comprising:

a magnetic shielding unit that shields the atom cell, the
heating unit, and the magnetic field generator from an
external magnetic field.

4. A quantum interference device, comprising:

the atom cell module according to claim 1;

a light generator that generates light including a resonance
light pair and emits the light to the atom cell;

a light detector that detects light transmitted through the
atom cell; and

a control unit that controls a frequency of the resonance
light pair on the basis of a light detection signal of the
light detector.

5. The quantum interference device according to claim 4,

further comprising:

the magnetic field control unit that controls the second
magnetic field generated by the magnetic field generator
so as to reduce a variation of a magnetic field inside the
atom cell.

6. The quantum interference device according to claim 5,

wherein the magnetic detector is adjacent to the heating
unit.

7. An electronic apparatus, comprising:

the quantum interference device according to claim 6.

8. An electronic apparatus, comprising:

the quantum interference device according to claim 5.

9. An electronic apparatus, comprising:

the quantum interference device according to claim 4.

10. An atom cell magnetic field control method to control a
magnetic field inside an atom cell in which atoms are
enclosed, comprising:

detecting a strength of a first magnetic field generated by a
current flowing through a heating unit and generating a
detection signal corresponding to the strength of the first
magnetic field; and

generating a second magnetic field by a magnetic field
generator, wherein

inside the atom cell, the second magnetic field and the first
magnetic field include magnetic field components in
opposite directions, and

controlling the second magnetic field generated by the
magnetic field generator according to the detection sig-
nal.
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11. An atom cell module, comprising:

an atom cell in which atoms are enclosed;

a heating unit that heats the atom cell by generating heat
when a current flows;

a current detector that detects the current flowing through
the heating unit and that generates a detection signal;

a magnetic field generator that generates a first magnetic
field; and

amagnetic field control unit that controls the first magnetic
field generated by the magnetic field generator, wherein

inside the atom cell, the first magnetic field generated by
the magnetic field generator and a second magnetic field
generated by the current flowing through the heating unit
include magnetic field components in opposite direc-
tions, and

the magnetic field control unit is configured to control the
first magnetic field generated by the magnetic field gen-
erator according to the detection signal of the current
detector.

12. The atom cell module according to claim 11, wherein

the magnetic field generator generates the first magnetic
field inside the atom cell when at least a part of the
current flowing through the heating unit flows.

13. The atom cell module according to claim 11, further

comprising:

a magnetic shielding unit that shields the atom cell, the
heating unit, and the magnetic field generator from an
external magnetic field.

14. A quantum interference device, comprising:

the atom cell module according to claim 11;

a light generator that generates light including a resonance
light pair and emits the light to the atom cell;

a light detector that detects light transmitted through the
atom cell; and

a control unit that controls a frequency of the resonance
light pair on the basis of a detection signal of the light
detector.

15. The quantum interference device according to claim

14, further comprising:

the magnetic field control unit that controls the first mag-
netic field generated by the magnetic field generator so
as to reduce a variation of a magnetic field inside the
atom cell.

16. An electronic apparatus, comprising:

the quantum interference device according to claim 15.
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